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Abstract

Karst groundwater constitutes a considerable fraction
of drinking water in many regions in the world. Understanding its recharge processes is important for a
sustainable water resource management. Experimental approaches to study karst aquifers mostly focus on
the characterization of the entire aquifer using the disintegration of its output signal measured at the spring.
Despite the important role of the soil and epikarst for
recharge processes, limited attention has been given
to this specific part of the systems. In our study, we
present the first results of a soil monitoring program at
five representative locations across the globe. We use
a large number of soil moisture observations to understand the partitioning of rainfall into infiltration, storage, evapotranspiration, and groundwater recharge at
five contrasting climates and two different land use
types (forest & grassland).
With the present analyses, almost no differences were
identified between the two land use types investigated. However, the site with the largest number of soil
moisture measurements creating recharge is the one
with a tropical climate as expected, as the one with the
lowest number is the semi-arid site. However, other
sites with different climate conditions like oceanic and
Mediterranean show similar results. Other parameters
influencing recharge processes should be investigated
in the future.

Introduction

Around a quarter of the world’s population is dependent
on drinking water from karst aquifers (Ford and Williams, 2013). The water storage in these systems is significantly affected by climate change, land use changes and
a growing population (Wada et al., 2010; Vörösmarty et
al., 2010). It is therefore essential to study the water storage and hydrological processes in these systems. This
poses a challenge especially in karstic areas since karstification leads to high heterogeneity influencing variable
pathways and velocity (Goldscheider and Drew, 2007).
Several experimental methods have been conducted in order to characterize karst systems. One of the most popular methods used to investigate flow paths and flow times
through karst systems is the analysis of signals of artificial
and natural tracers at karst springs (Mudarra et al., 2014;
Goldscheider et al., 2008). Besides, natural tracers are used
to study the transit time and dispersion of water entering the
karst system (Maloszewski et al., 2002). Hydraulic methods like pumping test are conducted in order to analyze
the heterogeneity of hydraulic conductivities (Giese et al.,
2018). These approaches are mainly focused on the characterization of the entire aquifer. The investigation on the role
of the vadose zone in water recharge and its processes has
received limited attention (Berthelin and Hartmann, 2020).
The vadose zone is composed of the soil, the top weathered carbonate rock called epikarst (Williams, 1983) and
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the unsaturated carbonate rock. Dissolution processes
lead to an irregular interface between soil and rock and
the porosity of the rock decreases with depth. These characteristics lead to different hydrodynamic processes. The
soil influences infiltration velocity and mixing processes
(Charlier et al., 2012; Perrin et al., 2003) while the water
in the shallow subsurface is additionally subject to evapotranspiration. The heterogenic interface between the soil
and the weathered carbonate rock leads to a redistribution
of infiltrated water (Fu et al., 2015; Hartmann and Baker,
2017). Likewise, the heterogeneity at the interface of the
weathered and non-weathered rock can lead to the formation of perched aquifers and therefore to lateral redistribution of water flow through enlarged fractures (Williams,
1983). There are several other ways in which the vadose
zone affects recharge processes. The soil and rock properties like porosity, fractures, lithology, karstification, etc.,
as well as the epikarst topography have major impacts
on recharge processes and therefore on the water storage.
The thickness of the subsurface affects water flow velocity
since a shallow epikarst has a higher proportion of large
fractures (Zhang et al., 2013). Precedent moisture conditions have an effect on storage capacity, infiltration rate
since more water can be stored, and subsurface flows are
less important under dry conditions (Charlier et al., 2012;
Fu et al., 2015; Trček, 2007). Finally, evaporation rates,
weathering and dissolution processes are influences by
vegetation and climate (Sarrazin et al., 2018).
In this study, we present the first results of a soil moisture
monitoring network to characterize karst recharge and
evapotranspiration processes that was installed at five different climate regions. Measurements of soil moisture are
conducted at a high spatial and temporal resolution. They
will be used to quantify the influence of land cover types,
soil and epikarst heterogeneity on spatiotemporal dynamics of karstic recharge under different climate conditions.

The Monitoring Concept

The experimental concept is designed to investigate the
influence of soil and epikarst heterogeneities on water
flow and storage processes in the karst vadose zone, and
to observe the impact of land cover type and climate on
the karst system recharge and evapotranspiration. To address these objectives, we want to use standardized observations of soil moisture (Ries et al., 2015). Five sites
with different climatic conditions were selected: tropical
climate, Mediterranean, humid oceanic, humid mountainous and semi-arid climate (Figure 1).
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Description of Sites
All of the selected sites are located at carbonate rock
regions that have local or regional relevance for water
resources management; they differ however in their surface and subsurface characteristics. The following part is
dedicated to the description of the sites. However, more
detailed descriptions of the sites can be found in Berthelin et al., 2019, as well as the detailed soil profiles
description of each plot.
Puerto Rico (PR)
El Tallonal is located north of Puerto Rico in the karstic
zone of a private natural reserve. With an annual average temperature of 25.5°C and an annual precipitation
of 1295 mm, the area is classified as a tropical climate
(Af). Vegetation in the reserve is categorized as a subtropical moist forest zone with exotic plants as Castilla
elastica (S.) and native plants such as Guarea Guidonia (L.) (Fonseca da Silva, 2014; Rivera-Sostre, 2008).
The main geological units found in the studied area are
limestones from the late Oligocene and early Miocene
(Seiglie and Moussa, 1984; Behrensmeyer et al., 1992).
These formations respectively called Aymamón and
Aguada show characteristic features of karst like deep
dolines which are separated by high hills called mogotes
(Lugo et al., 2001). One of the most productive groundwater resources of the island lies in the upper layer of
northern limestone of the Aymamón and Aguada formation. It is recharged by precipitation, surface streams and
runoff. The recharge in the mogotes area is mainly due to
runoff during large precipitation events (Troester, 1999).
The soil of the Tollonal karstic area is, according to the
classification of Puerto Rico’ soil, a humid oxisol with
minimal and simple development of horizons (Beinroth
et al., 2003). The clayey texture of the soil leads to a
high water retention capacity. Besides, the soil shows
moderate fertility and high acidity whereof growth can
be limited (Viera et al., 2008). At the grassland plot, the
bed rock cannot be reach since the soil profile can have
a thickness of up to 9 meters as reported from the landowner. At the forest plot, a dense network of roots can be
found in the first 30 cm of the soil.
Spain (ES)
Villanueva del Rosario system is a part of the Sierra Camarolos and Sierra del Jobo aquifer. It is located 30 km
north of the city of Malaga in Spain, with a catchment area
of 14 km² and a range of altitudes from 600 to 1640 m

UK, Sheepdrove Organic Farm
Altitude = 170 - 200 m
Average precipitation = 815 mm
Mean annual min & max
temperatures = 5.4 & 14 °C

Germany, Berchtesgaden
Altitude = 1450 m
Average precipiation = 1660 mm
Mean annual temperature = 7.5 °C

Puerto Rico, El Tallonal
Altitude = 80 - 195 m
Average percipitation = 1295 mm
Mean annual temperature = 25.5 °C

Spain, Villanueva del Rosario
Altitude = 1150 m
Average precipitation = 760 mm
Mean annual temperature = 14 °C

N

0

2500 km
Karstic areas

Australia, Wellington Caves
Altitude = 250 - 350 m
Average precipitation = 600 mm
Mean annual min & max
temperatures = 9.4 & 24.4 °C

Figure 1. Location of the five sites and their main characteristics. Carbonate rock outcrops
derived from the World Karst Aquifer Map (Chen et al., 2017).
(Marín et al., 2015). The climate is classified as Mediterranean climate (Csa) with an average annual temperature
around 14°C at 700 m and a mean annual precipitation
below 600 mm in lower altitudes and more than 900 mm
in higher altitudes. The vegetation is Mediterranean scrubland with Mediterranean forest patches and pines from
reforestation (Marín et al., 2015). The geology of the
area is carbonate rocks from the Jurassic with a maximum thickness of 450 m (Peyre, 1974). The aquifer is
bounded at almost all its tectonic borders by Upper Triassic clays and evaporate, Flysch clays and sandstones and
Cretaceous-Paleogene marls, and presents a high fracturation and karstification degree (Mudarra et al., 2014). The
spring draining the system is located at the north border of
the karst system at an altitude of 770 m. With an annual
mean flow discharge of 260 L/s it reacts rapidly to precipitation events (Mudarra et al., 2014).
In the study area, two main soil types are found:
patchy leptosols, which is a shallow soil with a thickness up to 30 cm and soil with a silty, clayey texture
ranging in depth from 10–70 cm (Marín et al., 2015).
According the description conducted in the field, the
soil at the plots is silty and became more clayey with
the depth. More roots and deeper are found in the soil
at the forest than in the grassland area.

United Kingdom (GB)
The United Kingdom site is located on the property of
the Sheepdrove Organic Farm, in south England at the
West Berkshire Downs. The climate of this site is classified as Oceanic with an annual minimum and maximum
temperature of 5.4°C and 14.0°C. The annual average precipitation is 815 mm. The vegetation covering the sites is
made of meadow and forest with species as beech trees,
hawthorn bushes, cherry trees and maples (Iwema, 2017).
The study area is located in the Lambourn catchment
area, where the main aquifer of the region is situated. The
groundwater table lies at tens of meter depth (Wheater et
al., 2007; Rahman and Rosolem, 2017). The geology of
the area is Chalk of Upper Cretaceus age (Wheater et al.,
2007), which is highly permeable and karstified.
The soil of the study area is described in Iwema 2017
as grey loamy soil with flints and pieces of white chalk.
The chalky bedrock in the grassland can be found at all
location between 30 cm and 60 cm depth. In the forest,
the chalk layer can be found between 10 am and 35 cm.
Thick roots are present in the entire soil depth at most of
the profile.
Germany (DE)
The Berchtesgaden Land site is part of a National Park located in the Alps in Southeast Germany. With an average
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temperature of 7.5°C and an annual average precipitation
between 1500 and 2600 mm, depending on the altitude, the
climate is classified as humid continental climate (Dfb).
The altitude of the national park ranges between 603 and
2713 m. The type of vegetation found in the park is grass,
mountain pine and green alder shrubs (Garvelmann et al.,
2017). Besides the dominant geological formations Triassic Dachstein limestone and Ramsau dolomite, there are
Jurassic and Cretaceous rock series present. Karst features
like sinkholes, dry streams and caves can be found in the
area. The karst system is drained by 330 springs which
are located at the interface of limestone and dolomite rock
and have a vast variability in their discharge (Kraller et al.,
2011). The study site is situated at 1450 m of altitude with
an annual precipitation of 1660 mm. In the colder season
from November to the end of April or beginning of May, a
snow cover can be found in the area.
There are three main different soil types in the national
park: Syrosem (35.5%), Cambisol (30.1%) and Podsol
(26.7%) (Garvelmann et al., 2017). In the plots, the soil
has a texture varying from silty to clayey. A rocky layer
with limestone rock pieces at the bottom of the soil is observed. At the grassland plot, roots are mainly observed
at the upper ~ 0–15 cm of the soil. At the forest plot,
roots are abundant in most of the entire profiles.
Australia (AU)
The Wellington Caves site is located in a reserve on the
eastern side of the Catombal Range, adjacent to the Bell
River valley and alluvial aquifer, at 7.3 km south of the
town of Wellington. The temperature at the site ranges
from 0–45°C and the annual mean is 24.3°C. With an
annual rainfall of 620 mm and PET of 1800 mm, the
climate can be classified as temperate semi-arid (Bsh)
(Markowska et al., 2016). The vegetation is dominated
by the native Australian Grassy White Box Woodland.
The deep-water marine sediments of the Ordovician
Oakdale formation and the limestone of the middle
Devonian Garra formation make up the geology of the
reserve. Both the forest and grassland sites are situated on the massive limestone. There are no permanent
streams besides the Bell River which flows 700 m west
of the caves and has a high potential connectivity with
the aquifer (Keshavarzi et al., 2017). Certain condition
need to be met for a recharge of the aquifer according to
(Jex et al., 2012). The rainfall needs to be at least 60 mm
within 24–48 hour period depending on soil moisture
conditions.
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The soil at the study site is extremely dry. At the grassland, most roots are present in the first ~5 cm of the
soil. Deeper horizons show a sandy clay texture, followed bellow by carbonate rock. The soil of the forest
site contains partly degraded organic matter in the first
~5 cm and is clayey with thicker roots. Bellow 20 cm an
increasing amount of rocks can be found indicating the
beginning of carbonate rock.
Selection of Plots and Set Up
At each site, two squares with an area of 400m² were selected. One is located in a grassland area, the other one in
a forest. GIS analysis and Digital Elevation Models were
used in order to choose two plots with a similar slope
and exposure within the site. For the soil moisture measurements, 15 locations within each plot were randomly
chosen for the installation of soil moisture profiles. Each
soil moisture profile was equipped with probes at three
different depths in the ground: 5 cm, 10 cm and a deeper
depth at the limit between soil and epikarst. In the cases
where the epikarst wasn’t reached, the third probe was
installed at the maximum depth possible (>80 cm). In total, around 90 soil moisture probes were installed at each
site. More details can be found in Berthelin et al (2019).

Results

Figure 2 shows the dynamics of soil moisture at each
site (PR, ES, GB, DE, AU), depending on the land cover
(grassland and forest) for the period of July 2018 to March
2019. At the German site, snowfall can present between
November and April. No data is available for July 2018 at
Puerto Rico as the probes were installed in August 2018.
We can observe that the reaction of soil moisture after
precipitation events is different at the different sites (Figure 2). The Puerto Rican and German site present an amplitude of soil moisture values quite high compared to the
other sites. Also, the amplitude of reaction of soil moisture to rainfall is different among the sites. The peaks of
reaction seem larger at the Australian site, and smoother
at the German site. A seasonality can be observed at
some of the sites. At Puerto Rico, the amplitudes of reaction are smoother during the months of November to
March. This effect is stronger in the forest than in the
grassland. At the Spanish site, no soil moisture reaction
is observed during the months of July to September, and
an increase of general soil moisture value is observed
for the rest of the observation period. At the English site,
compared to the rest of the time series, the soil moisture

Figure 2. Soil moisture measurement time series recorded at different depths at each site for two
different land covers and precipitation.
peaks are larger from July to November. In addition, the
amplitude of soil moisture values between the probes is
higher during the period between November to May. At
the German site, there is almost no soil moisture reaction between December to May, despite the precipitation
events that occurred during this period, which indicates
snowfall and storage of rainfall within the snow cover.
At the Australian site, no soil moisture events at all seem
to be recorded during the month of July.

To further understand the different soil moisture patterns
among the sites, we consider two seasons (one from October to March, a second one from April to September)
separately. In order to identify periods of recharge, we
assume that recharge is most probable to occur at soil
moisture conditions close to saturation. Accounting for
variability of soil porosity within and among our sites,
we define a range of 35% to 65 % of soil moisture, at
which we expect a higher probability of groundwater
16TH SINKHOLE CONFERENCE
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recharge. This range corresponds to the possible range
of porosities found at loamy soils that developed over
carbonate rock (Kirn et al., 2017).
Comparing soil moisture variability among the sites for
both seasons shows that the Spanish site and the English
site soil moisture median value seems to be similar, lower
than at the German site but much higher than at the Australian site (Figure 3). Their forest and grassland values
are similar at each site. Only the Puerto Rican site presents
different behaviour. Its soil moisture values are lower in
the forest than in the grassland. The forest values are as
low as at the Australian site, but the values of soil moisture
in the grassland are higher than at all the other sites.
The comparison between the seasons allows identifying
different site-dependent patterns. At the Puerto Rican
site, the soil moisture median value is similar between
the two seasons at the forest plot. At the grassland plot,
it is slightly higher in the season October–March than
during the season April–September and it is the highest
value compared to the other sites. At the Spanish site, the
median is higher during the season of October to March
than during the season April–September, at both forest
and grassland sites. At the English site, the median is
also higher during the first season compared to the second one at both plots. Its soils moisture median value is
similar to the Spanish site but the dispersion of its data is
lower. The German site presents a soil moisture median
value similar between the two seasons at both plots. It is
the site presenting the higher median value at the forest
plot and the higher data dispersion at both plots. The median value at the Australian site is almost similar at both
seasons at the forest plot and higher during the season
October–March than during the season April–September
at the grassland plot. This site presents the lower range
of variability in its data.
Considering the soil moisture values expected to create
recharge, only the grassland site of Puerto Rico presents a median reaching the minimum value, 35%. Then
comes the German site where recharge seems to be able
to occur more often than at the other sites, at every season at both the grassland and the forest. At the English
and Spanish sites, not a lot of soil moisture values reach
the threshold, with a slightly higher occurrence during
the season October–March. The site presenting the lowest number of value reaching the threshold is the Australian site, for both plots and seasons.
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Discussion

At the Puerto Rican site, a clear difference appears between forest and grassland: the soil moisture in the forest
is much lower than in the grassland. This observation is
coherent as the roots in this forest site are very abundant
and the soil not so much present. The forest soil moisture is, in fact, the lower value compare to all the other
sites, but the grassland soil moisture is the highest. At the
Spanish site, the summer season is very dry: no precipitation event and so no soil moisture events were recorded. That is why it presents a higher soil moisture value
during the season October–March. Grassland and forest
values are similar. The English site also presents a higher
soil moisture value during the season October–March
with similar values between grassland and forest. The
soil moisture values are similar to the Spanish ones. This
is surprising regarding their different climates. The German site presents the highest amplitude between probes
values. No soil moisture reactions were observed during
the wintertime despite precipitation events. This is due to
the snowfall period and no melting during this time. As
the Puerto Rican forest plot has low soil moisture values,
the German forest plot is the one with the highest soil
moisture median values. The Australian site presents the
lowest soil moisture median values, at both grassland
and forest (similar to the forest in Puerto Rico’s site).
The grassland and forest plots present similar values.
Consequently, with the present analysis, the influence
of land use cannot be identified among almost all sites
except for the site of Puerto Rico. This is the site that
present the highest soil moisture values at the grassland
plot and this is coherent with the climate conditions. As
the Australian site presents the lowest values. Indeed,
the site that presents more soil moisture measurements
reaching the threshold to initiate recharge is the grassland in Puerto Rico. The site presenting the lower soil
moisture measurements reaching the threshold is the
one in Australia. The differences between the forest and
grassland plots of Puerto Rico can be explained by the
fact that the forest plot is mostly composed of a dense
root network with only little soil. The water can probably
not be stored at this place justifying the low values of
soil moisture measured.
However, the tropical climate can justify the fact that
this site presents the highest values of soil moisture at its
grassland plot and the highest number of measurements
reaching the potential soil moisture value to initiate recharge. The fact that high values of soil moisture are

Figure 3. Boxplot of the soil moisture measurements at each site depending on the land cover
and the season. A range of soil moisture value from 35% to 65% at which recharge is expected is
represented within the yellow frame.
measured at the German site also can be justified with
the climate has a high annual precipitation is recorded
there. The Australian site, with its semi-arid climate
shows only a few measurements reaching the threshold
to create potential recharge. This is coherent with results
presented in a preliminary analysis comparing soil moisture dynamics and drip dynamics in a cave at the Australian site.1 The recharge at this site is measured counting the drips falling into a cave below the plots. During
the measured period, only one rainfall event, creating
the highest soil moisture value, initiated recharge into
the system. The rest of the time, the rainfall was either
evaporate or used by the vegetation.
The similarities between the sites in Spain and England
are quite surprising regarding their different climates.
We have to consider that many other parameters can
influence soil moisture reaction, as soil moisture antecedent conditions, soil texture, and vegetation (e.g., Fu
et al., 2015; Heilman et al., 2012; Martos-Rosillo et al.,
2015; Perrin et al., 2003). The comparison between sites
and so climates remains qualitative.
In the presented study, the description of the time series
results remains visual. Analyses of soil moisture reac-

tions to precipitation events should be conducted individually. This would allow the extraction of parameters
and thus the characterization of each soil moisture reaction. These characteristics could allow a better understanding of the infiltration processes at a small scale
and a comparison of behavior between profiles and
sites.
Other investigation as the comparison of measured
depths should be conducted. Have the deepest probes
similar values than the upper ones? Are these disparities between values, as at the German site, due to heterogeneities between the different soil horizons or because of heterogeneities within the area?
Finally, the comparison of the soil moisture between
seasons should be done at different periods on at least
two hydrological years. Seasons could be adapted to
each site. Moreover, the choice of threshold to initiate
recharge remains theoretical and could be adapted to
each site depending on their soil description.

https://blogs.agu.org/waterunderground/2019/09/25/
groundwater-and-a-green-drought/
1

16TH SINKHOLE CONFERENCE

NCKRI SYMPOSIUM 8

226

Conclusions and Outlook

We use soil moisture observations to understand groundwater recharge in karstic areas at five contrasting climates and two different land use types (forest & grassland).
A difference of soil moisture behavior at almost each
site is observed, but the present analysis shows nearly
no differences between the forest and grassland areas.
The site of Puerto Rico presents at the grassland plot the
highest number of soil moisture measurements leading
potentially to recharge. However, its forest plot presents
the lowest, which can be explained by the large roots
network in the soil of the forest. This is the only site
where a difference between land uses can be observed
with the conducted analyses. Other patterns as the fact
that the Australian site presents the lowest number of
soil moisture measurements creating potential recharge
is concordant with the climate conditions. In addition,
the fact that the German site presents the second-highest
potential recharge confirms that climate seems to be an
explanation for these behaviors. However, the sites of
Spain and England present similar values. Here their different climates cannot explain their similar soil moisture
measurements.
Indeed, many other parameters can influence recharge
processes through the soil and epikarst. In order to explore other parameters, individual analyses of soil moisture reactions to precipitation events will be done.
Based on previous work exploring soil moisture at
non-karstic region (Demand et al., 2019), an automatic method to extract events and associated parameters
could allow, for example, the inclusion of antecedent
soil moisture conditions and rainfall characteristics in
the analyses. The analyses of soil moisture events could
also allow the identification of different behavior between forest and grassland. Moreover, the comparison of
soil moisture reactions to the spring signal of the studied
system will allow linking soil moisture measurement to
identified groundwater recharge periods.
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